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An emerging technology for the remediation of ground water is
the use of microorganisms to degrade contaminants which are
present in aquifer materials.  Understanding the processes
which drive in-situ bioremediation, as well as the effectiveness
and efficiency of the utilization of these systems, are issues
which have been identified by the Regional Superfund Ground
Water Forum as concerns of Superfund decision makers.  The
Forum is a group of ground-water scientists and engineers,
representing EPA’s Regional Superfund Offices, organized to
exchange up-to-date information related to ground-water
remediation at Superfund sites.

Although in-situ bioremediation has been used for a number of
years in the restoration of ground water contaminated by
petroleum hydrocarbons, it has only been in recent years that
this technology has been directed toward other classes of
contaminants.  Research has contributed greatly to
understanding the biotic, chemical, and hydrologic parameters
which contribute to or restrict the application of in-situ
bioremediation, and has been successful at a number of
locations in demonstrating its effectiveness at field scale.

This document is one in a series of Ground Water Issue
papers which have been prepared in response to needs
expressed by the Ground Water Forum.  It is based on
findings from the research community in concert with
experience gained at sites undergoing remediation.  The intent
of the document is to provide an overview of the factors
involved in in-situ bioremediation, outline the types of
information required in the application of such systems, and
point out the advantages and limitations of this technology.

For further information contact Dr. Hugh Russell, RSKERL,
FTS 743-2444, commercial number (405) 332-8800.

Summary

In-situ bioremediation, where applicable, appears to be a
potential cost-effective and environmentally acceptable
remediation technology. Suflita (1989) identified
characteristics of the ideal candidate site for successful
implementation of in-situ bioremediation. These characteristics
included: (1) a homogeneous and permeable aquifer; (2) a
contaminant originating from a single source; (3) a low
ground-water gradient; (4) no free product; (5) no soil
contamination; and (6) an easily degraded, extracted, or
immobilized contaminant.  Obviously, few sites meet these
characteristics.  However, development of information
concerning site specific geological and microbiological
characteristics of the aquifer, combined with knowledge
concerning potential chemical, physical, and biochemical fate
of the wastes present, can be used to develop a
bioremediation strategy for a less-than-ideal site.

Introduction

In-situ bioremediation is a technology to restore aquifers
contaminated with organic compounds.  Organic contaminants
found in aquifers can be dissolved in water, attached to the
aquifer material, or as freephase or residual phase liquids
referred to as NAPLs which are liquids that do not readily
dissolve in water (Palmer and Johnson, 1989c).  Generally,
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monitoring wells (Devitt et al., 1988; Palmer and Johnson,
1989b).

The distribution of the source area and the extent of
contamination should also be characterized by collecting
cores of the solid aquifer materials.  Precise information is
required to define the vertical extent of contamination so that
nutrients, oxygen and other amendments injected into the
aquifer contact the contaminants.  Injection into a clean part of
the aquifer is a wasted effort and may give the false
impression that the region of aquifer between the injection and
recovery wells is clean (Figure 3).

Additional characteristics of waste contaminants present at a
specific site that should be considered are related to their
environmental fate and behavior in specific aquifer materials
(Armstrong, 1987; Johnson et al., 1989).  These character-
istics include physical and chemical properties that determine
recalcitrance, reactivity, and mobility of contaminants at the
site.  Information concerning partitioning of contaminants
between aquifer solids and water is especially important.  This
information is used to evaluate the extent and rate of release
of contaminants into the ground water, their mobility, and the
quantity of electron acceptors and inorganic nutrients that
must be supplied to support in-situ bioremediation.

Aquifer Characterization

Important geological characteristics of an aquifer that should
be considered during a site investigation include the
composition and heterogeneity of aquifer material, specific
yield, hydraulic connections to other aquifers, magnitude of
water table fluctuations, ground-water flow rate and direction,

hydraulic conductivity distribution, permeability, bulk density,
and porosity (Lee et al., 1988; Palmer and Johnson, 1989a).

Hydraulic conductivity (K) is an especially important
characteristic since the aquifer must be permeable enough to
allow the transport of electron acceptors and inorganic
nutrients to the microorganisms in the zone of contamination.
Permeable aquifer systems, i.e., aquifers with K values of 10-4

cm/sec or greater, are usually considered good candidates for
in-situ bioremediation (Thomas and Ward, 1989).

Hydraulic conductivity of an aquifer can be determined by a
variety of methods (Thomas et al., 1987b, Palmer and
Johnson, 1989a).  Knowledge of K values at multiple locations
is necessary because of the heterogeneity of aquifer
materials.  Laboratory methods are also available for
determining hydraulic conductivity, but field-measured values
represent average properties over a larger volume and utilize
less disturbed materials (Palmer and Johnson, 1989a).

Aquifer characteristics play an extremely important role in
determining the effectiveness of in-situ bioremediation.  Even
in the presence of organisms acclimated to the specific waste
constituents present in an aquifer, biodegradation of
contaminants may be limited by unfavorable aquifer
characteristics that affect microbial activity including:

1. insufficient concentrations of dissolved oxygen for
aerobic metabolism of compounds susceptible to
aerobic degradation;

2. excessive oxygen that inhibits anaerobic
biodegradation of many halogenated compounds in
the subsurface;

Figure 3. The value of accurately locating the contaminated interval (Wilson et al., 1989).

Contaminated
Interval

Direction of Flow

Wasted

Land Surface

Injection
Well

Water
Table



7

3. lack of a suitable alternative electron acceptor, if
oxygen is unavailable or not usable;

4. insufficient inorganic nutrients, such as nitrogen,
phosphorus, and trace minerals;

5. presence of toxic metals or other toxicants; and
6. other aquifer characteristics, such as pH, buffering

capacity, salinity, osmotic or hydrostatic pressures,
radiation, sorptive capacity, and temperature
(Armstrong, 1987; Lee et al., 1988).

Treatability Study

A treatability study is designed to determine if bioremediation
is possible at a specific site, and whether there are any
biological barriers to attaining clean-up goals.  Even though
the scientific literature may indicate that a specific chemical is
likely to biodegrade in the environment, a treatability study
using site specific variables should be used to confirm that
contention (Suflita, 1989a).  Microcosms are generally used to
conduct treatability studies.  Pritchard (1981) defined a
microcosm as “a calibrated laboratory simulation of a portion
of a natural environment in which environmental components,
in as undisturbed a condition as possible, are enclosed within
definable physical and chemical boundaries and studied under
a set of laboratory conditions.”  Microcosms may range from
simple batch incubation systems to large and complex flow-
through devices (Suflita, 1989a).

Results of a treatability study can also provide an estimate of
the rate and extent of remediation that can be attained if
microorganisms are not limited by the rate of supply of an
essential growth factor or by the presence of an unfavorable
environmental factor.

Treatability studies to determine inorganic nutrient and
electron acceptor requirements of subsurface microorganisms
present at a specific site should be conducted using samples
of subsurface solids as well as the ground water.  Nutrient and
electron acceptor requirements that will enable indigenous
microorganisms to efficiently degrade organic contaminants
present at a specific site can be determined by incubating
contaminated subsurface materials with combinations of levels
of inorganic nutrients and electron acceptors.  Studies should
be performed under conditions that simulate field
environmental conditions.  Results of the studies are used to
design the bioremediation program as well as to optimize the
treatment strategy.

Design and Implementation of an  In-Situ
Bioremediation System

Before implementation of an in-situ bioremediation system, the
source of contamination in the soil and in the ground water
should be removed as much as possible.  In the case of a
liquid fuel spill, source removal may consist of recovery of
LNAPL free product from the ground water.  Depending on the
characteristics of the aquifer and contaminants, free product
can account for as much as 91 percent of the spilled
hydrocarbon, with the remaining hydrocarbon (accounting for
9-40 percent of the spill) sorbed to the soil or dissolved in the
ground water (Lee et al., 1986).

Physical recovery techniques, based on the fact that LNAPL
hydrocarbons are relatively insoluble in and less dense than
water, are used to remove free product from a contaminated

site.  Physical recovery often accounts for only 30 to 60
percent of spilled hydrocarbon before yields decline.
Continued pumping of recovery wells may be used to contain
a spill while in-situ bioremediation is being implemented.  If a
spill is comprised of DNAPLs, which may sink to the bottom of
the aquifer, physical recovery may be considerably more
difficult to achieve.

Information from the performance of site characterization and
treatability studies may be integrated with the use of
comprehensive mathematical modeling to estimate the
expected rates and extent of treatment at the field scale
(Javandel, 1984; Keely, 1987).  The specific model chosen
should incorporate biological reaction rates, stoichiometry of
waste transformation, mass-transport considerations, and
spatial variability in treatment efficiency (U.S. EPA, 1989a).

After assessment of site characterization and treatability
studies, if results indicate that in-situ bioremediation is
applicable to the site and will be an effective clean-up
technology, the information collected is used to design and
implement the system.

When in-situ bioremediation of a contaminant ground-water
plume involves using methods to enhance the process, such
as the addition of nutrients, additional oxygen sources, or
other electron acceptors, the use of hydraulic controls to
minimize migration of the plume during the in-situ treatment
process may be required (Thomas et al., 1987c; U.S. EPA,
1989a).  In general, hydraulic control systems are generally
less costly and time consuming to install than physical
containment structures such as slurry walls. Well systems are
also more flexible, for pumping rates and well locations can be
altered as the system is operated over a period of time.

Pumping-injection systems can be used to: (1) create
stagnation  zones at precise locations in a flow field; (2) create
gradient barriers to pollution migration; (3) control the
trajectory of a contaminant plume; and (4) intercept the
trajectory of a contaminant plume (Shafer, 1984).  The choice
of a hydraulic control method depends on geological
characteristics, variability of aquifer hydraulic conductivities,
background velocities, and sustainable pumping rates (Lee et
al. 1988).  Typical patterns of wells that are used to provide
hydraulic controls include: (1) a pair of injection-production
wells; (2) a line of downgradient pumping wells; (3) a pattern
of injection-production wells around the boundary of a plume;
and (4) the “double-cell” hydraulic containment system.  The
“double-cell” system utilizes an inner cell and an outer
recirculation cell, with four cells along a line bisecting the
plume in the direction of flow (Wilson, 1984).

Well systems also serve as injection points for addition of the
materials used for enhancement of microbial activity and for
control of circulation through the contaminated zone.  The
system usually includes injection and production wells and
equipment for the addition and mixing of the nutrients (Lee et
al., 1988).  A typical system in which microbial nutrients are
mixed with ground water and circulated through the
contaminated portion of the aquifer through a series of
injection and recovery wells is illustrated in Figure 4 (Raymond
et al., 1978; Thomas and Ward, 1989).

Materials can also be introduced to the aquifer through the
use of infiltration galleries (Figure 5) (Brenoel and Brown,
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Figure 4. Typical schematic for aerobic subsurface bioremediation (Thomas and Ward, 1989).
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1985; Thomas and Ward, 1989).  Infiltration galleries allow
movement of the injection solution through the unsaturated
zone as well as the saturated zone, resulting in potential
treatment of source materials that may be trapped in the pore
spaces of the unsaturated zone.

Amendments to the aquifer are added to the contaminated
aquifer in alternating pulses.  Inorganic nutrients are usually
added first through the injection system, followed by the
oxygen source. Simultaneous addition of the two may result in
excessive microbial growth close to the point of injection and
consequent plugging of the aquifer.  High concentrations of
hydrogen peroxide (greater than 10%) can be used to remove
biofouling and restore the efficiency of the system.

Operations Monitoring

Both the operation and effectiveness of the system should be
monitored (Lee et al., 1988).  Operational factors of impor-
tance include the delivery of inorganic nutrients and electron
acceptor, the point of the delivery within the aquifer in relation
to the contaminated portion of the plume, and the effective-
ness of containment and control of the contaminated plume.

Measurements of dissolved oxygen and nutrient levels in
ground-water samples are recommended to assess whether
or not bioremediation is being accomplished.  Increases in
microbial activities in samples of aquifer materials may be
quantified relative to plume areas prior to treatment, areas
within the plume that did not receive treatment, and control
areas outside the plume.  Carbon dioxide levels in ground-
water samples may also be a useful indicator of microbial
activity (Suflita, 1989b).

Measurement of contaminant levels should indicate that
concentrations of contaminants are decreasing in areas
receiving treatment and remaining relatively unchanged in
areas that are not. If degradation pathways of specific
contaminants are known, measurement of presence and
concentrations of metabolic products may be used to
determine whether or not bioremediation is occurring.  Both
soil and ground-water samples should be collected and
analyzed to develop a thorough evaluation of treatment
effectiveness.  The use of appropriate control samples, e.g.,
assays of untreated areas or areas outside the plume, is
highly recommended to confirm the effectiveness of the
bioremediation technology (Suflita, 1989b).

The frequency of sampling should be related to the time
expected for significant changes to occur along the most
contaminated flow path (U.S. EPA, 1989a).  Important
considerations include time required for water to move from
injection wells to monitoring wells, seasonal variations in water
table elevation or hydraulic gradient, changes in the
concentration of dissolved oxygen or alternative electron
acceptor, and costs of monitoring.

Advantages and Limitations in the Use of In-Situ
Bioremediation

There are a number of advantages and disadvantages in the
use of in-situ bioremediation (Lee et al., 1988).  Unlike other
aquifer remediation technologies, it can often be used to treat
contaminants that are sorbed to aquifer materials or trapped in

pore spaces.  In addition to treatment of the saturated zone,
organic contaminants held in the unsaturated and capillary
zones can be treated when an infiltration gallery is used.

The time required to treat subsurface pollution using in-situ
bioremediation can often be faster than withdrawal and
treatment processes.  A gasoline spill was remediated in 18
months using in-situ bioremediation, while pump-and-treat
techniques were estimated to require 100 years to reduce the
concentrations of gasoline to potable water levels (Raymond
et al., 1986).  In-situ bioremediation often costs less than other
remedial options.  The areal zone of treatment using
bioremediation can be larger than with other remedial
technologies because the treatment moves with the plume
and can reach areas that would otherwise be inaccessible.

There are also disadvantages to in-situ bioremediation
programs (Lee et al., 1988).  Many organic compounds in the
subsurface are resistant to degradation.  In-situ
bioremediation usually requires an acclimated population of
microorganisms which may not develop for recent spills or for
recalcitrant compounds.  Heavy metals and toxic
concentrations of organic compounds may inhibit activity of
indigenous microorganisms.  Injection wells may become
clogged from profuse microbial growth resulting from the
addition of nutrients and oxygen.

In-situ bioremediation is difficult to implement in low-
permeability aquifers that do not permit the transport of
adequate supplies of nutrients or oxygen to active microbial
populations.  In addition, bioremediation projects require
continuous monitoring and maintenance for successful
treatment.
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